Abstract Root cultures have been established successfully for the Prunus rootstocks Adafuel and Adarcias (Prunus × amygdalopersica), A843 (P. armeniaca), Mariana 2624 (P. cerasifera × munsoniana) and Myrobalan 605AD (P. cerasifera), and for the apple rootstock Jork 9 (Malus × domestica). High percentages of root tips grew during the first 15 days and then decreased. Root growth was affected by culture conditions and the composition of the culture medium. Liquid medium was preferable as increasing agar concentrations reduced root growth. Darkness, instead of a 16-h photoperiod, was beneficial for Adafuel, but not the other genotypes. Sucrose at 3% was better than higher concentrations. Full Murashige and Skoog salts sustained better root growth than dilutions to 1/2 or 1/4. The addition of various organic supplements such as coconut water, casein hydrolysate or malt extract did not improve root growth, and sucrose was the best carbon source tested. Data presented here support the notion that excised root culture is an efficient experimental model to study the response to various factors, since controlled variations in the culture medium, such as those studied here, had a very noticeable effect on root length.
Introduction
Fruit trees are formed by the union of two individuals, the scion and the rootstock, that provide the aerial part and the root system, respectively. Rootstocks show their tolerance to abiotic stress mainly in the roots, where soil interacts with the plant. In other species, it is well-documented that the roots respond to a number of different forms of abiotic stress. Thus, the responses of roots include anatomical changes in the root apex of Helianthus induced by iron deficiency (Kramer et al. 1980) , the aerenchymatous tissue developed in the root cortex of a number of species under soil anaerobiosis induced by flooding (Baruch and Mérida 1995) , or the inhibition of root elongation in Arabidopsis by aluminium toxicity (Koyama et al. 1995) . Biochemical changes such as the production (secretion) of malate in wheat induced by aluminium (Ryan et al. 1995) or the production of high concentrations of organic acids in Vitis under iron deficiency (Brancadoro et al. 1995) have been proposed as markers of tolerance to these particular factors.
However, these studies are difficult to perform in situ in woody plants where the active part of the root may be far from the soil surface. As an alternative, root cultures in vitro could be used as a model to study plant tolerance to different factors, since the reproduction of those responses in vitro could provide an efficient method to perform early selection. The culture of isolated roots has long been feasible, the root having the advantage of being a fully differentiated and organised unit, and its growth is not affected by that of other organs (Brown 1959) . Root culture has been thoroughly studied in the past (Butcher and Street 1964) establishing the culture conditions for roots of different plant species. However, little work has been done with woody plants. The application of root cultures has been restricted to the study of root growth in culture and, recently, to the production of secondary metabolites in Datura (Maldonado-Mendoza and Loyola-Vargas 1995), or to study the effects of physiological and morphological characteristics, such as the age of excised root tips of rice, on in vitro growth (Izumi et al. 1995) . Very recently, root tip cultures have been used to study the effect of the iron deficiency stress in subclover (Wei et al. 1997) . This approach would have the advantage of providing a non-destructive method by which different selective agents can be applied to a single genotype. Moreover, a large number of individuals can be tested in the first stages of selection.
We report here the effect of different factors on the root growth of isolated root cultures of different Prunus rootstocks and the apple rootstock Jork 9 (Malus×domestica), to define conditions that allow favourable root growth in vitro.
Material and methods

Plant tissue cultures
A broad range of fruit tree rootstocks belonging to different Prunus species were tested: the almond × peach hybrids Adafuel and Adarcias (Prunus×amigdalopersica), the apricot A843 (P. armeniaca) and the plums Myrobalan 605AD (P. cerasifera), Mariana 2624 (P. cerasifera×munsoniana) and Adesoto 101 (P. insititia). In addition, an apple rootstock of the M.9 group, Jork 9 (Malus×domestica), was included. While Adafuel was always included, a different set of rootstocks was used in each experiment depending on plant availability.
Shoot cultures of the different fruit tree rootstocks were established from axillary buds of growing shoots at different dates, having been cultured in vitro for more than 1 year. Subcultures were made every 4 weeks on a modified Murashige and Skoog (1962) (MS) medium with (µM) thiamine-HCl (1.2), pyridoxine-HCl (2.4), nicotinic acid (4.1), glycine (26.6), m-inositol (555), 6-benzylaminopurine (BAP) (4.4) and indole-3-butyric acid (IBA) (0.5). Sucrose was added at 87.6 mM and Difco-Bacto agar at 0.7% (wt/vol) and the pH was adjusted to 5.5 before sterilisation in an autoclave at 120°C. Shoots longer than 2 cm were rooted in the same medium, but with macronutrients reduced to half concentration, IBA raised to 5 µM and without BAP. Cultures were kept at 25°C, and light (16 h photoperiod) was supplied by cool-white fluorescent tubes at a photon fluence rate of 35 µmol m -2 s -1 .
Effects of light and culture media
Root apices (20 mm length) were excised from in-vitro-rooted shoots of Adafuel, Adarcias, Adesoto 101 and Jork 9 and placed in plastic Petri dishes (five per dish and four dishes per treatment) with 20 ml of culture medium of different types: agar-gelled (0.7% wt/vol Difco-Bacto agar), double-phase (10 ml of liquid culture medium over 10 ml of agar-gelled medium) or liquid media. The culture medium used was similar to the multiplication medium but without growth regulators. Cultures were kept in light or darkness (wrapped with aluminium foil) under the same conditions as above. Root length was measured at 15 and 30 days of culture determining the length increment of the main axis and lateral roots. Lateral root number and percentage of growing roots were also recorded.
Effects of light and agar concentration
Root apices of Adafuel (10 mm length) were placed in plastic Petri dishes (five per dish and four dishes per treatment) with 10 ml of the culture medium used in the previous experiment, but gelled with Difco-Bacto agar at 0.5, 0.7 or 1.0% (wt/vol). Cultures were kept in light or darkness in the same way as above. Root length was evaluated after 15 and 30 days of culture.
In the following experiments, liquid media were used, since they performed very well and provide a simpler culture medium composition. The cultures were kept in darkness on an orbital gyratory shaker at 100 rpm to prevent anoxia.
Effects of carbon source and organic supplements
Root apices from rooted shoots of Adafuel, Adarcias, A843 and Mariana 2624 were used. Of each rootstock, 20 root apices (10 mm length) per treatment were placed in baby food jars (Sigma) with 30 ml of liquid culture medium of the same composition as above but with different carbon sources (sucrose, glucose or maltose) at 3% (wt/vol). In addition, different organic supplements (malt extract, casein hydrolysate, both at 0.05% wt/vol, or coconut water at 20% vol/vol) were tested using sucrose (3% wt/vol) as the carbon source. Cultures were kept in darkness by wrapping the jars with aluminium foil, and shaken on an orbital shaker at 100 rpm. Root length was measured after 15 days of culture.
Effects of mineral salt and sucrose concentrations
The effect of three concentrations of MS macronutrient salts (1/4, 1/2 and full strength) in combination with three sucrose concentrations (87.6, 146.1 and 292.1 mM) was studied in the root growth of micropropagated Adafuel, Adarcias, A843, Mariana 2624 and Myrobalan 605AD. Root apices (10 mm length) were placed in baby food jars (ten per jar and two jars per treatment combination) with 30 ml of modified MS liquid medium, shaken at 100 rpm and cultured in darkness. Root length was measured after 15 days of culture. Since, in certain cases, plant material was not available, some treatment combinations were not tested.
Results
Effects of light and culture media
Root cultures were established successfully and high percentages of growing roots were observed during the first 15 days of culture, all rootstocks showing a notable length increment during these days except for Adesoto 101, where no root growth was observed. The number of actively growing roots that looked healthy and white in colour then decreased, the response varying with the treatment, as shown in Fig. 1 for Adafuel. For that reason, in the follow- ing experiments, root length increments were determined at day 15. No lateral roots were observed in any case. While a trend for improving growth can be seen under dark conditions, no significant differences in the percentage of growing roots were detected between treatments (χ 2 -test, data not shown).
The effect of the light regime was genotype dependent (Fig. 2) . While in Adarcias and Jork 9, the light regime had a variable effect on root growth in the different culture media (agar gelled, double phase or liquid), in Adafuel, darkness was more effective than light in promoting root length, and this effect was statistically significant (Table 1) . Moreover, when root tips of Adafuel were cultured at increasing agar concentrations, darkness significantly favoured root growth at any agar concentration (Fig. 3, Table 2 ). However, the agar concentration of the culture medium was inversely related to root length increase, indicating that higher water availability was a root growth stimulant; this effect, however, was not statistically significant (Fig. 3) .
Effects of carbon source and organic supplements
Sucrose or glucose alone were sufficient to sustain satisfactory root growth in liquid cultures in darkness (Fig. 4) . Sucrose was the best carbon source tested for root tip culture of all clones, and the addition of organic supplements such as malt extract or casein hydrolysate did not significantly improve root growth in Adafuel or Adarcias, and gave variable responses with the other clones (Fig. 4) . The addition of coconut water to the culture medium inhibited root growth in all cases. Maltose was detrimental and roots showed limited growth.
Effects of mineral salt and sucrose concentrations
A high mineral salt concentration, as in the macronutrient MS formulation, was more efficient for root growth than dilutions to 1/2 or 1/4 strength (Fig. 5) . However, a low sucrose concentration (87.6 mM) was found to be most adequate for root growth (Fig. 5) . Even a concentration as low as 29.2 mM was sufficient to sustain root growth (unpublished data). At 292.1 mM, sucrose was inhibitory and at 146.1 mM, intermediate growth was observed. Greater root growth was obtained here for all clones when sucrose, at the lowest tested concentration (87.6 mM), was combined with the full MS salt concentration (Fig. 5) , being similar at 87.6 or 146.1 mM for the apricot rootstock A843, where a slightly more effective response was recorded at 1/4-strength MS macronutrients. 
Discussion
The data presented here provide a suitable method for the in vitro growth of excised roots of fruit tree species. This can be used to culture excised roots of a variety of species both from Prunus and Malus genera with a high percentage of root tips growing actively for at least the first 15 days. This period of active growth was enough to reveal differences in the responses to different media components or culture conditions, and suggests that the excised root culture described here can be used as a model to evaluate physiological responses to different factors. A decrease in root growth rate was observed in most of the roots after this period of culture. Such a reduction has also been recorded in other species and attributed to different factors such as the pH of the culture medium and its stability, which could be affected by the biological activity of the root apices (Street and Lowe 1950) , changes in the osmotic pressure of the medium due to sugar depletion (Butcher and Street 1964) , the changes in the metabolites produced in the mature region of the root, implying, either a reduction in the quantity of metabolites supplied to the root apex, or a qualitative change in the composition, causing inhibition of cell division (Brown 1959) .
Root growth rates of the different tips were variable, however, the number of roots per treatment used here (20 roots) was enough to obtain reproducible results (Butcher and Street 1964 ). It appears that the physiological state of the root apices, taken under the same conditions and from clonal plants, had an important role in the establishment and growth of cultures, since the observed variability could not be explained by the experimental conditions. Moreover, changes in the absolute growth rate of any plant system, including isolated root cultures, have frequently been recorded even when environmental conditions were constant (Brown 1959) .
A minimum initial root tip length of 10 mm seems to be required to avoid delay in root growth, since cultures initiated with root apices smaller than 10 mm had a lag phase inversely proportional to the initial size (Brown 1959) , whereas root-tips of 10 mm or greater did not show any lag phase. Larger root tips (20 mm) did not grow any better in our cultures, agreeing with the work of Street and McGonagle (1951) working with root apices 10, 20 and 30 mm in length. Root apices of 10 mm were preferred here, since they grew very well and were easier and earlier obtained from the in-vitro-rooted shoots.
We have observed a genotype-dependent effect of the light regime. While darkness was more effective than light in promoting root growth in Adafuel (see Figs. 2, 3) , no clear effect was noticed either in Adarcias (a closely related rootstock) or Jork 9 (an apple rootstock) when placed under the same experimental conditions. Other effects of the light regime, such as the length of the treatments (light or darkness), were described by Derbyshire and Street (1964) in wheat. They found that there was an increase in dry weight in darkness for the first 5 days and then growth virtually ceased, while light (900 lux) that was initially inhibitory, markedly enhanced main axis extension beyond the 5th day of incubation.
The addition of a gelling agent such as agar to the culture medium did not improve root growth, so liquid media were preferred for their simplicity. A positive effect of liquid medium on root growth, though previously described, was not found here, where no clear differences among the agar-gelled, double-phase or liquid media were observed. However, a reduction in growth rate was observed when roots were moved from liquid to agar-solidified medium (Day 1943, cited in Butcher and , and darkness and liquid medium showed a favourable combined effect in Pinus (Ulrich 1962) . This corresponds with the observation that root length increase in Adafuel was inversely related to the agar concentration of the culture medium (Fig. 3) , suggesting that higher water availability stimulated root growth, even though this effect was not statistically significant (Table 2) .
Roots did not require organic supplements to grow in culture, and a carbon source alone, such as sucrose or glucose, was sufficient to sustain satisfactory root growth in darkness. However, it is not known if these organic supplements would have a growth-promoting effect in the presence of light, since the absorption of soluble organic-N, as in the amino acid form, and its conversion to protein-N was markedly enhanced by light (Derbyshire and Street 1964) . Sucrose, which induced the highest root growth rates in our experiments, was also the best carbon source for tomato root tip culture (Street and Lowe 1950) , and glucose was found to be somewhat superior, or as effective as sucrose in cereals (see Butcher and Street 1964 , for a review). The inhibitory effect on root growth of coconut water could be due to its cytokinin activity that is known to inhibit rooting of cuttings in vitro (Smith and Thorpe 1975) . However, coconut water was found to be essential for root growth of Eucalyptus (Bachelard and Stowe 1963) .
The negative effect observed on root growth when high sucrose concentrations (146.1 or 292.1 mM) were used instead of the more habitual 87.6 mM, suggests that an increase in sucrose concentration decreased water availability in a similar manner to agar concentration. A similar effect has been described in tomato, where a concentration of sucrose of 4% (corresponding to 116.8 mM) or higher markedly reduced the root growth rate (Street and Lowe 1950) , 2% being the optimal concentration tested. In contrast, full-strength MS salts yielded better results than dilution to 1/2 or 1/4 strength when combined with the lowest sucrose concentration tested (87.6 mM). Hyndmann et al. (1982) , however, recommended the use of salts at half concentration to elongate roots after a rooting induction treatment of microcuttings.
Taken together, these results illustrate that culture of excised roots can be successfully performed with a number of different fruit tree rootstocks. Since the culture conditions tested here allowed root apices to grow, but at different rates depending on the treatments and on the genotype, excised root culture could be used as an experimental system to test the effect of different factors introduced in the culture medium. Satisfactory root growth was obtained using a liquid MS medium in darkness, sucrose at 87.6 mM and no growth regulators. From the seven clones tested, all except Adesoto 101 supported root growth in culture. This fact indicates that this model was adequate for most of the fruit tree species, more work being necessary to find the culture medium composition that meets the nutritional requirements of the clones that fail to grow (Butcher and Street 1964) . It has been shown in this paper that controlled variations in the culture medium had a remarkable effect on root culture growth in a very short time, pointing to the possible use of selection pressures through the culture medium to perform in vitro selection by screening root tip cultures, as performed very recently in subclover (Wei et al. 1997) . The use of root cultures to determine the tolerance of Prunus rootstocks to iron deficiency is in progress.
